Previous studies have reported promising antimicrobial efficacy for the essential oils and solvent extracts of several indigenous Pelargonium species. This study aimed to determine if any pharmacological interaction (e.g. synergism or antagonism) exists between the volatile and non-volatile components when the different fractions were investigated. The antimicrobial activity of the following fractions were tested; the essential oil prepared by hydrodistillation (EO), non-volatile fraction (NV), prepared by extraction of plant material remaining in the distilling apparatus (having no or negligible volatile constituents) and solvent extracts prepared from fresh (FC) and dried (DC) plant material containing both volatile and non-volatile constituents. Pelargonium quercifolium oil was dominated by p-cymene (42.1%) and viridiflorol (16.9%), while P. graveolens and P. tomentosum oil had high levels of isomenthone (84.0 and 58.8%, respectively). Menthone was noted as a major constituent in the P. tomentosum EO sample. It was evident from the results that the presence of volatile constituents in the three species; P. graveolens, P. quercifolium and P. tomentosum is generally not a pre-requisite for antimicrobial activity. The most significant variations of antimicrobial activity were noted for P. tomentosum where poorer activity was noted for the FC and EO fractions against Bacillus cereus and Candida albicans. Studies on Staphylococcus aureus, however, showed the converse, where best activity was noted for the FC fraction (3.0 mg/mL). For P. quercifolium, the DC fraction indicated a notable increase in anti-staphylococcal activity (2.0 mg/mL) when compared with the FC (8.0 mg/mL) and EO (16.0 mg/mL) fractions. For P. tomentosum, the FC fraction indicated much lower antimicrobial activity (against both B. cereus and C. albicans) when compared with all other fractions, suggesting that the essential oils may impact negatively on the antimicrobial activity when tested against these two pathogens.
In South Africa, many scented and unscented Pelargonium species (Geraniaceae) are used as traditional remedies by the Sotho, Xhosa, Khoi-San and Zulu to treat various ailments, many of which involve infections caused by either bacteria or fungi [1] . Herbal remedies of Pelargonium species are used to treat wounds, abscesses, fever, colic, nephritis, colds and sore throats, to suppress urine, stimulate milk production and are applied as anthelmintic and insecticidal agents [2] . The ability of Pelargonium species to provide relief in cases of diarrhoea and dysentery were known to the earliest South African tribes [2] [3] . Numerous studies have concluded that Pelargonium extracts and essential oils possess antimicrobial activity [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Most of the Pelargonium oils studied by Lis-Balchin et al. [7] , displayed activity against several microorganisms. The antifungal effect of 'geranium oil' was investigated and all fungal strains tested were inhibited by the oil [5] . In our earlier investigations [12] , the antimicrobial efficacy of 21 Pelargonium species was evaluated and the crude extracts of P. glutinosum, P. pseudoglutinosum, P. scabrum and P. sublignosum exhibited considerable antimicrobial activity against the Gram-positive pathogens with P. pseudoglutinosum demonstrating the highest inhibitory activity (MIC=39 μg/mL).
Even though past investigations have focused on assessing the antimicrobial activities of the essential oils and extracts of Pelargonium species, the present study aimed to determine if a pharmacological interaction (e.g. synergism or antagonism) exists between the volatile and non-volatile components.
Many phytomedicines prepared from aromatic species exist as whole plant extracts (e.g. tinctures). This alludes to the understanding that superior therapeutic efficacy is achieved with the combination of volatile and non-volatile constituents, giving rise to the concept of a possible synergistic interaction between these fractions. Recent research has questioned the limitations of the reductionist approach, which aims to determine the single most active compound within a plant extract. It remains a daunting challenge to understand the complex interaction between the various compounds in a herbal extract. Our previous studies have shown how the major essential oil compounds (1,8-cineole and camphor) of Osmitopsis asteriscoides interact synergistically to enhance antimicrobial activity [13] . Further studies have shown how the different parts of Croton gratissimus (roots, stems and leaves) display different pharmacological interactions when combined [14] . The hypothesis that the different fractions within a plant may impact on the activity was used as the premise to investigate the in vitro antimicrobial activity of various extracts. These fractions include the volatile essential oils and the non-volatile fraction (having no or negligible volatile constituents) and extracts prepared from fresh and dried plant material containing both volatile and non-volatile constituents. The objective was to determine the contribution of each fraction to the overall antimicrobial activity of three Pelargonium species (P. graveolens, P. quercifolium and P. tomentosum).
In this present study, the essential oils were analysed by GC-MS (Table 1) . Isomenthone represents more than 80.0% of the total oil yield for P. graveolens. Pelargonium tomentosum essential oil was found to be dominated by menthone (34.0%) and isomenthone (58.8%). The major component found in P. quercifolium was the monoterpene p-cymene (42.1%). Other major compounds found in P. quercifolium included viridiflorol (16.9%), spathulenol (8.4%) and to a lesser extent p-cymen-8-ol (3.0%). The total percentage peak areas of identified constituents obtained for P. graveolens. P. tomentosum and P. quercifolium was 90.9, 95.5 and 78.5%, respectively ( Table 1) .
HPLC analysis was undertaken to determine possible qualitative changes to the non-volatile constituents during the hydrodistillation process. For the sake of brevity, chromatograms are shown only for P. tomentosum (Figure 1 ). There were no major qualitative 
78.5 95.5 90.9 *RRI: Relative retention indices as eluted from the HP-Innowax polyethylene glycol column. % calculated from FID data differences between the NV, FC and DC chromatograms implying that the hydrodistillation process did not drastically influence the composition of the non-volatile constituents. These findings suggest that with regards to the Pelargonium species studied, the presence of essential oils do not necessarily enhance the efficacy of the nonvolatile constituents, since the DC and FC extracts did not consistently produce greater antimicrobial activities compared with the NV extracts. Furthermore, in certain instances, the presence of the essential oil constituents seemed to impact negatively. For example, the results for P. tomentosum show that the FC fraction indicated a notably poorer antimicrobial activity against both B. cereus and C. albicans when compared with all other fractions. In the assessment of the results (Table 2) , a possible antagonistic interaction could be interpreted with selected samples and pathogens. When the MIC values for P. tomentosum on the pathogen C. albicans were compared, the NV fraction (4.0 mg/mL) indicated far better activity than the FC extract suggesting that the volatile component may decrease the antimicrobial activity of the non-volatile component. This trend is also noted on studies with the pathogen B. cereus where the NV extract had greater efficacy than the FC extract. This is in contrast with other recent studies of a similar nature where the efficacy was enhanced for Tarchonanthus camphoratus and Salvia species when the volatiles were combined with the non-volatile constituents [15] [16] .
The extract obtained from the dried plant material (DC fraction) generally exhibited better activity than that of the fresh plant material. This was displayed by the DC extracts of P. quercifolium against K. pneumoniae, B. cereus and S. aureus; and by the DC extracts of P. tomentosum against K. pneumoniae, B. cereus and C. albicans. Due to the high level of volatile monoterpenes in the three species, the DC material may contain less EO constituents than the FC (the plant material was air-dried prior to subjecting it to Soxhlet extraction). With the latter in mind, the enhanced activity of the DC extracts concurs with the proposal that the presence of volatile constituents could potentially exert an antagonistic interaction. Moreover, the traditional use of dried plant material to obtain therapeutic benefits has been noted in numerous 1398 Natural Product Communications Vol. 5 (9) 2010
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ethnobotanical reports [17] [18] [19] [20] . Furthermore, the increased efficacy of dried combined material was also noted in a similar study on Tarchonanthus camphoratus [15] . Although a pragmatic approach was followed to produce a "deodorized" extract it is plausible to speculate that the methods used could also influence the results obtained. Drying of plant material affects the ability of extraction solvents to penetrate cell material, while the solubility properties of individual compounds in wet material may differ from those in dry material, resulting in different chemical profiles and different biological activities.
Unlike non-aromatic species, aromatic plants have an additional component, the volatile constituents, which contribute to their chemical complexity. The possible interaction between non-volatile and volatile fractions (positive or negative) on the biological activity generally remains poorly explored. Knowledge of possible interactions may be beneficial to the formulation scientists and manufacturers of herbal medicines, enabling them to produce formulations exerting more favourable activity. The results from this study clearly demonstrate that the synergistic effect of essential oils with non-volatile constituents, as noted in previous studies [15, 16] , cannot be assumed for all plant species, as antagonistic interactions should also be considered.
Experimental
Collection of plant material: The aerial parts (stems, stalks and leaves) of three Pelargonium species namely P. graveolens, P. quercifolium and P. tomentosum were harvested from a single population at the Walter Sisulu Botanical Garden (Johannesburg). Voucher specimens (AV 920, 921 and 919 for P. graveolens, P. quercifolium and P. tomentosum, respectively) were deposited in the Department of Pharmacy and Pharmacology, University of Witwatersrand, Johannesburg. Authentication was carried out by Andrew Hankey.
Distillation and chemical analysis of the Pelargonium essential oils: The aerial parts (i.e. the leaves, stalks and stems) of the fresh plant material were cut into small pieces and placed into a Clevenger-type apparatus for hydrodistillation. The essential oils (referred to as the EO fraction) were collected after 3 h and stored in amber vials at 4°C prior to analysis.
The EO was analysed by GC-MS (Agilent 6890N GC system coupled directly to a 5973 MS). A volume of 1 µL was injected using a split ratio (200:1) with an autosampler at 24.79 psi and an inlet temperature of 250°C. The GC system equipped with a HP-Innowax polyethylene glycol column (60 m × 250 μm i.d. × 0.25 μm film thickness) was used. The ion source was operated by electron ionization and the GC-MS interface temperature was 260°C. The oven temperature program was 60°C for the first 10 min, rising to 220°C at a rate of 4°C/min and held for 10 min and then rising to 240°C at a rate of 1°C/min. Helium was used as carrier gas at a constant flow of 1.2 mL/min. Spectra were obtained on electron impact at 70 eV, scanning from 35 to 550 m/z. The percentage compositions of the individual components were obtained from electronic integration measurements using flame ionization detector (FID). n-Alkanes were used as reference points in the calculation of relative retention indices (RRI). The identification of the compounds was carried out using NIST ® , Mass Finder ® and Flavour ® libraries by comparing MS and retention indices.
Preparation of solvent extracts:
Plant samples were divided into three portions for separate Soxhlet extraction. This method was selected as it more closely resembles the process used to isolate the essential oils. The biomass (plant material and distillation water) remaining in the Clevenger-type apparatus was dried at 40°C. Approximately 15.0 g of this material was extracted in a Soxhlet apparatus using a mixture of equal volumes of methanol and chloroform for 3 to 4 h. A total solvent volume of 250 mL was used to ensure that the extraction thimble was bathed in both solvents. The solvent was removed using a rotary evaporator yielding an extract containing no or negligible volatile constituents (NV fraction). A second portion of fresh plant material (25.0 g) was extracted using the same procedure described above from plant material without the removal of volatile constituents (FC fraction). A third portion of fresh plant material (15.0 g) was dried at 37°C for approximately 24 h, after which it was extracted by the same method as the FC fraction and hereafter referred to as the DC fraction.
High-performance liquid chromatography (HPLC) analysis:
The chromatographic profiles of the three crude extracts for each species studied were obtained by HPLC-DAD analysis using a Waters 2690 HPLC system (Phenomenex Aqua C18 column, 250 mm x 2.1 mm at 80°C) equipped with a 996 photodiode array detector (200 -550 nm). The samples were dissolved in methanol to obtain a concentration of 50 mg/mL and 10 μL of this solution was used for injection. The initial mobile phase was 10% acetonitrile in 10 mM formic acid and the solvent ratio was changed through a linear gradient to 90% acetonitrile, 10% 10 mM formic acid at 40 min. This ratio was maintained for 10 min, thereafter the solvent ratio was changed back to the initial starting conditions. Analysis, identification and integration were performed using the Empower ® software program.
